Abstract This study analyzes the impact of increasing population density in Kenya's rural areas on smallholder behavior and welfare indicators. We first present evidence to explain how land constraints can be emerging within an overall context of apparent land under-utilization. Using data from five panel surveys on 1,146 small-scale farms over the 1997-2010 period, we use econometric techniques to determine how increasing rural population density is affecting farm household behavior and livelihoods. We find that farm productivity and incomes tend to rise with population density up to 600-650 persons per km 2 ; beyond this threshold, rising population density is associated with sharp declines in farm productivity, total household income, and asset wealth. Currently 14% of Kenya's rural population resides in areas exceeding this population density. The study concludes by exploring the nature of institutional and policy reforms needed to address these development problems.
Introduction
Land has been commonly considered an abundant resource in Sub-Saharan Africa (Deininger et al. 2011 ). However, nationally representative farm surveys consistently paint a contrasting picture with the following empirical regularities: First, half or more of Africa's smallholder farms are below 1.5 ha in size with limited or no potential for area expansion (Jayne et al. 2003) . Second, a high proportion of farmers perceive that it is not possible for them to acquire more land through customary land allocation procedures, even in areas where a significant portion of land appears to be unutilized (Stambuli 2002; Jayne et al. 2009 ). Third, in some areas such as Kenya, roughly a quarter of young men and women start their families without inheriting any land from their parents, forcing them either to commit themselves to off-farm employment or buy land from an increasingly active land sales market (Yamano et al. 2009) Evidence now indicates that a substantial proportion of Africa's rural population lives in relatively densely populated areas. For example, over half of Kenya's rural population lives in areas exceeding 250 persons per square kilometre (Fig. 1) . Data from Columbia University's Global Rural-urban Mapping Project indicate that the proportion of the rural population living in areas exceeding 250 persons per km 2 is of similar or greater magnitude in Nigeria, Rwanda, Burundi, Uganda, and Malawi, which together with Kenya account for roughly 35% of sub-Saharan Africa's total population. Moreover, the effects of increasingly crowded rural areas are not confined to those living in such areas. Hence, the question of appropriate development strategies for densely populated rural areas is increasingly relevant to a significant portion of Africa's population.
Over the past 50 years, there has been a gradual but steady decline in mean farm size as rural population growth has outstripped the growth in arable land. Table 1 shows the changes in the ratio of land cultivated to agricultural population over the past 5 decades for a number of African countries. About half of the countries in Table 1 show a 1960-69 and 1970-79, agricultural population is estimated by multiplying rural population by an adjustment factor (mean agricultural population 1980-84/mean rural population 1980-84) . This is because data on agricultural population was only collected from 1980 onward
Fig 1 Population density in Kenya
substantial decline in land-to-labor ratios in agriculture. In Kenya's case, for example, cultivated land per person in agriculture has declined from 0.462 ha in the 1960s to 0.219 ha in the 2000-08 period. A similar picture emerges from comparisons in mean farm size within the small-scale farming sector over time. A nationally representative survey of Kenya's smallscale farm sector in 1977 carried out by the Central Bureau of Statistics reports mean farm size ranging across provinces from 2.10 to 3.48 ha. By contrast, mean farm size in Egerton University's nationwide surveys from 1997 to 2010 show mean farm size to be 1.86 ha per farm; these longitudinal surveys show a decline in farm size even within that 13-year period. But why should smallholder farms be shrinking over time? Coming to grips with this question requires understanding why much of Africa's rural population tends to be concentrated tightly in particular areas while vast areas potentially suitable for agriculture remain largely unutilized. Figure 2 shows that roughly 40% of Kenya's rural population resides on 5% of its arable land. On the other end of the continuum, 3% of the population controls 20% of the land.
Research suggests two answers to the apparent land "scarcity amidst abundance" paradox. First, potentially arable land can remain underutilized because it has yet to receive the requisite public investment in physical infrastructure (e.g., roads, electrification, irrigation), water, schools, health facilities and other services required to raise the economic value of land and thereby attract migration and settlement in these areas (Jayne et al. 2009 ). Several governments in the region have shown a willingness to make such land available for large-scale commercial investment but not for smallholder-led agricultural development. This explains to some extent the large-scale acquisitions of farmland in Africa by foreign countries that has come to be popularly known as "land grabs". Second, and potentially even more important in countries with a colonial settler history such as Kenya, Malawi, Zimbabwe, and Zambia, has been the historical and post-independence continuation of colonial tenure systems separating "customary lands" from "state lands" (Deininger and Binswanger 1995; Woodhouse 2003) . Many areas under customary tenure are facing emerging land constraints borne of steady rural population growth since independence. By contrast, much of Africa's unutilized arable land is under state authority, which is not readily accessible for settlement by smallholder populations under prevailing land allocation institutions. Post-independence governments have often allocated land to non-farming elites in exchange for political support, contributing to land underutilization while nearby customary farming areas exhibit signs of land pressures and degradation (Kanyinga 1998; Mbaria 2001; Stambuli 2002; Namwaya 2004) . It is perhaps not surprising then that median farm sizes are quite small and declining for the vast majority of the farming population, as shown in Table 1 , while large tracts of land in other parts of the country remain unutilized.
The relationship between landholding size and household income in primarily agrarian rural settings is well established. Figure 3 shows the relationship between farm size per adult equivalent and income. Increases in farm size below 0.5 ha per capita (roughly 2.5 ha farms when adjusting for mean family size) are associated with large increases in household income. Beyond about 0.5 ha per capita, the relationship flattens out. Because most smallholder farms, and especially the poorest ones, are well below 2.5 ha in size, it is likely that measures to promote access to land may reap very high payoffs in terms of rural poverty reduction.
What do such land-income relationships mean for feasible smallholder-led development pathways? The structural transformation processes in Asia, as documented by pioneering development economists such as Johnston and Kilby (1975) and Mellor (1976) , show that a smallholderled agricultural strategy was necessary to rapidly reduce rural poverty and induce demographic changes associated with structural transformation. An inclusive smallholder-led Project (GRUMP). A Lorenz curve shows the degree of inequality that exists in the distributions of two variables, and is often used to illustrate the extent that income or wealth is distributed unequally in a particular society strategy is likely to provide the greatest potential to achieve agricultural growth with broad-based reductions in rural poverty in most of sub-Saharan Africa as well. However, it is not at all clear how such a smallholder-led agricultural strategy must be adapted to address the limitations of very small and declining farm sizes in densely populated areas that are dependent on rain-fed production systems with only one growing season per year.
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To our knowledge, there has been very little recognition of the potential challenges associated with increasingly densely populated and land-constrained areas of rural Africa. Nor has there been sufficient discussion of how institutions and policies relating to land access would need to be modified to achieve inclusive smallholder-led agricultural growth leading to rural poverty reduction.
This study is motivated by the need to understand the nature and magnitude of emerging land constraints in African agriculture, the possible impacts of status-quo policies and institutions on food security and poverty, and the potential for institutional reforms to address these challenges. Kenya is a useful case study to examine these issues, given that it is one of the more densely populated countries in the region and may therefore provide an advance picture of the dynamics that other countries in the region are likely to be experiencing in the not too distant future.
Conceptual framework and hypotheses
There are several alternative ways to cast the issue of emerging land constraints within smallholder farming areas in Africa. One way is to ask how various rates of change in rural population density are affecting the evolution of farming systems, including technical and institutional responses to increased land constraints. Of course, the ways in which increasing population density affects farming systems and smallholder input demand and output supply behavior is primarily through factor and food prices. Hayami and Ruttan's (1971) theory of induced innovation has repeatedly shown that changes in person-land ratios cause farmers to adapt their farming system in ways that can be predicted. Other factors constant, rising labor-land ratios cause land values to rise compared to agricultural labor, and indirectly induce farmers to adopt new technologies that are land-saving. Other seminal works examining the ways that land-abundant agricultural systems evolve in response to growing population density 1 Binswanger and Pingali (1988) show that after accounting for soil and climate conditions as well as potential technological options, it is possible to compute standardized agroclimatic population densities for various countries measuring the number of people per million kilocalories of production potential. They report that when countries are ranked conventionally by population per square kilometer of agricultural land, Bangladesh comes first, India comes seventh, Kenya falls somewhere in the middle, and Niger is near the bottom. When ranked by agro-climatic population density, the rankings change dramatically: Niger and Kenya are more densely populated than Bangladesh is today, and India ranks only twenty-ninth on the list. include Boserup (1965) , Binswanger and Ruttan (1978) , and Pingali and Binswanger (1988) . Binswanger and McIntire (1987) argued that increases in rural population density should induce a number of changes on tropical agricultural farming systems, including declining labor productivity, decreased fallows, increased landlessness, the development of land, labor and informal financial markets, and declining livestock tenancy. As rural communities become more heavily populated, farmers transition from shifting cultivation to annual cropping of the same plots. Fallows are reduced and more labor time is devoted to each unit of land, e.g., weeding labor per hectare rises (Table 2) . Farmers further search for land-saving technologies such as fertilizer and hybrid seed to raise the returns to the scarce factor of production (land). Given this kind of innovation, Binswanger and McIntire argue that through input intensification farmers can raise land productivity and maintain or raise labor productivity growth even in the context of rising labor/land factor proportions. This literature has largely explained how many agricultural systems in Africa over the past 100 years have transitioned from one end of the continuum in Table 2 , shifting cultivation, to the other side of the continuum, intensive annual or multiple cropping with less and less land being held in fallow to restore soil productivity. However, this literature for the most part has not considered what lies beyond the end of the continuum of annual and multiple cropping in the context of emerging land constraints and ever smaller farm sizes in increasingly densely populated rural areas. In the past two decades since these seminal articles were written, there is evidence of increased population pressures within many smallholder farming areas. Can land intensification be increased on ever smaller farms without incurring diminishing returns and scale-diseconomies? This leads to another set of research questions about appropriate and feasible smallholder-led agricultural strategies in the context of land constrained farming systems and limited off-farm employment opportunities to absorb redundant labor in densely populated rural areas. Important policy issues therefore revolve around whether most farms are becoming, or have already become, "too small" to generate meaningful production surpluses and participate in broad-based inclusive agricultural growth processes given existing on-shelf production technologies. This is the primary question that this study addresses. While we will not be able to fully address this question, our aim is to examine how densely populated farming areas are evolving compared to less densely populated areas, and to assess whether farm households in the densely populated areas are able to generate sufficient farm surpluses and incomes through agriculture (given existing technologies) to reduce rural poverty. We then examine the implications for policies and institutions governing land allocation in Kenya.
ETHIOPIA
Our hypothesis is that farm households in the relatively densely populated areas will exhibit evidence of declining farm size, constraints on farm intensification, and lower surplus production, incomes and asset wealth, especially per labor unit, than households in less land-constrained areas. We also anticipate that densely populated rural areas may show a greater outflow of labor off the farm, and disproportionally contribute to rapid urbanization.
Data
Rural population data is available from the past five national censuses carried out in 1969, 1979, 1989, 1999, and 2009 . More disaggregated data on rural population, land under agriculture, and unutilized land suitable for agriculture within Condensed and adapted from Binswanger and Pingali (1988) 10 km 2 pixels are used from the Global Rural-urban Mapping Project (GRUMP). 2 We also draw from the nationwide Egerton University/Tegemeo Institute Rural Household Survey, a panel dataset tracking roughly 1,300 small-scale farm households in 5 survey waves over the 13-year period from 1997 to 2010. The sampling frame for the panel was prepared in consultation with the Kenya National Bureau of Statistics (KNBS) in 1997. Twenty four (24) districts were purposively chosen to represent the broad range of agroecological zones (AEZs) and agricultural production systems in Kenya.
3 Next, all non-urban divisions in the selected districts were assigned to one or more AEZs based on agronomic information from secondary data. Third, proportional to population across AEZs, divisions were selected from each AEZ. Fourth, within each division, villages and households in that order were randomly selected. In the initial survey in 1997, a total of 1,500 households were surveyed in 109 villages in 24 districts within eight agriculturally-oriented provinces of the country. Subsequent surveys were conducted in June of 2000, 2004, 2007 and 2010 . Over these 5 panel surveys, 1,243 household were able to be consistently located and surveyed. For this analysis, farms over 20 ha (50 acres) were dropped to retain the study's focus on smallholder agriculture. Households in the coastal areas were also excluded because farming is found to account for a relatively small share of household incomes. This leaves a balanced panel of 1,146 households surveyed consistently in each of the 5 years.
The surveys collect information on demographic changes, movements of family members in and out of the household since the prior survey, landholding size, land transactions and renting, farming practices, the production and marketing of farm products, and off-farm income-earning activities. 4 We superimposed the longitude-latitude coordinates of the 109 villages in the Tegemeo survey on the 10 km 2 pixel population density estimates from the Global Urban-rural Mapping Project database for 2009, to obtain population density estimates for each village. Population densities in the sample ranged from 44 persons per km 2 in the case of Laikipia West to 965 persons per km 2 in Vihiga District. We then stratified these 109 villages into five population density groups, or quintiles. Population densities range from 30 to 147 persons per km 2 in the lowest quintile, 148 to 313 in the second quintile, 315 to 470 in the third quintile, 475 to 655 in the fourth quintile, and 659 to 1,135 persons per km 2 in the highest quintile. We then examine how the five groups are evolving differently over the 1997-2010 period in terms of three main features:
i. Demographic trends: changes in net migration of adults out of the area. ii. Farming patterns: changes in farm size, land values, rental rates, land-to-labor ratios, input intensity per unit of land cultivated and cropping patterns. The 2007 survey also contains a module exploring household members' inheritance of land and the amount of land controlled by their parents. iii. Farm production, assets and household incomes: changes in incomes from crops, animal production, and nonfarm income as well as household asset holding.
Econometric models
To study the effect of population density on specific behaviors or outcomes for household i in time t (y it ), we estimate a series of reduced form unobserved panel effects models for the following dependent variables: farm size and area under crop cultivation; intensity of cash inputs use as a measure of the level of agricultural land intensification; and indicators of household welfare such as incomes per adult equivalent and asset holding. The models take the form:
where X it is a vector of household-level time-varying variables; W it is a vector of village-level time-varying variables; R i is a vector of village-level time-constant variables; and D t is a vector of survey year dummies. The letter α i represents the unobserved, time-constant heterogeneity that affects y it while μ it is the error term. 5 The vector X it includes variables such as distances to infrastructural facilities and services; W it includes village-level population density (the main variable of interest), input prices (agricultural wage rates, land rental rates, and fertilizer prices), rainfall quantity (6-year moving average of annual rainfall prior to each survey) and rainfall variability (6-year moving average of the percentage of 20-day periods during the main growing season in which rainfall was less than 40 mm) indicators. The R i vector includes land quality (potential kilocalories from 10 km 2 pixel land area) and agroecological dummies capturing other village-level timeconstant characteristics. We also test for potential non-linear relationships between the dependent variables and population density by including squared, and if necessary, cubed density terms.
If the model outlined in (1) represents the true data generating mechanism, then the existence of correlation between independent variables and unobserved heterogeneity, if uncontrolled for, would result in inconsistent estimates in applied research. With panel data, there are two popular methods for estimating this model, fixed and random effects, each with their own benefits and costs. The main drawback of the random effects estimator is that it relies on the fairly strong, and in our case infeasible, assumption that the unobserved heterogeneity is uncorrelated with any of the observed independent variables. The fixed effects estimator relaxes this assumption, but at the cost of not being able to include any time-constant covariates, such as the locations where sampled households are situated. To overcome these shortcomings of both fixed and random effects estimators, Mundlak (1978) and Chamberlain (1984) propose a framework known as the correlated random effects estimator (CRE) or the Mundlak-Chamberlain device. In this approach, rather than assuming the unobserved and observed explanatory variables are uncorrelated, α i is modeled and the correlation is assumed to take the form:
where C i represents the time-averaged value of all time varying variables (X it and W it ) over the various panel periods. The main benefits of the CRE estimator are that (1) it controls for unobserved time-constant heterogeneity, and (2) because the assumption of correlation between the covariates and unobserved heterogeneity is modeled, the random effects estimator is applied, which allows also the measurement of the effects of time-invariant independent variables (see Wooldridge 2010 for details). While Equations (1) and (2) are linear in parameters, and thus easily estimated by any single equations estimator, the population density variable is potentially endogenous in equation (Eq. 1). There is a possibility that some unobservables that influence agricultural production and household welfare are likely to influence population growth. When confronted by endogeneity, two methods are available to circumvent the problem. First is the usual instrumental variable (2SLS) method and the second is the control function (CF) approach (Wooldridge 2010) . While the two methods yield the same results, the CF approach leads to a straightforward exogeneity test of the potentially endogenous variable. We therefore apply the CF approach in the paper. The CF approach involves twostep estimation procedure. In the first step, we estimate
where d is the population density in village g at survey period t, z is a vector of exogenous variables (which includes unity as its first element), π's are the coefficients to be estimated; and v is a random error term. The vector z is supposed to contain at least one element that is not in equation (Eq. 1) for identification purposes. In our case the vector z includes the population estimates from the 1969 and 1979 censuses for each village; factors measuring access to markets and infrastructure; and rainfall quantity and variability variables as well as small agro-ecological dummies to capture general agro-ecological potential in the villages where the households are found.
In the second step we estimate specifications (1) but this time plugging in the residual, b v , from (3) using the CRE approach. As Wooldridge (2010) shows, plugging b v into equations (Eq. 1) breaks the endogeneity link between the potentially endogenous variable and the error term in equation (Eq. 1). The time-varying explanatory variables in both steps are lagged by one survey period for two reasons. First, while some explanatory variables may affect asset stocks contemporaneously, most of the variables are expected to influence asset stocks after a lag. For example, changes in the distance to infrastructural facilities and services often do not affect agricultural production and household asset accumulation immediately; these effects tend to appear with a lag. The second reason is to circumvent any other potential endogeneity problem arising from omitted variable problems. It is important to note that since the estimation of equation (Eq. 1) involves generated regressor (b v), standard errors generated by most econometric software for the coefficients are bound to invalid since they ignore the sampling variation in the estimation of p in the first step. Disregarding the sampling error in the generated regressors (b v) is likely to underestimate the computed standard errors in equation (Eq. 1). Consequently, we use the bootstrap approach with 500 replications to get a valid estimate of the standard errors. Inferences from equation (Eq. 1) are made fully robust to arbitrary heteroskedasticity and serial correlation (Wooldridge 2010) .
Descriptive results
Consistent with demographic studies showing fairly rapid ruralto-urban migration in most of sub-Saharan Africa, including Kenya (World Bank 2008), our panel survey data show a fairly consistent net outflow of adults out of the area over the 1997-2010 period. However, after disaggregating households into quintiles according to the population density of their village, we find a higher net outflow of labor in the relatively densely populated villages.
6 Over the entire period, the net outflow of labor from households in the most densely populated quintile was 2.8 times higher than villages in the least densely populated quintile. While causality cannot be ascribed, these findings are consistent with our expectations. Densely populated rural areas are more likely to experience surplus labor and underemployment, especially in the context of land pressures and limited means to further subdivide small farms. By contrast, in sparsely populated areas, the demands for labor in agriculture are likely to be greater, hence slowing the net outflow of rural labor. Table 3 presents information on farm size and farming practices by village population density quintiles over the four survey years. Landholding sizes per adult equivalent in the 20% most densely populated villages (0.31 ha over the four survey years) are roughly one third of those in the low density quintile (0.92 ha). The areas under cultivation have consistently declined for all five population density categories over the 10-year period by about 23%. The areas cultivated in the highest density (HD) quintile (0.89 ha) are about half of those in the lowest density (LD) quintile (1.80 ha). These differences between the top and bottom quintiles of farm size and area under cultivation are significant at the 95% confidence level. The proportion of farmland under fallow has also declined slightly over time for all population density quintiles. Family labor per hectare cultivated has generally increased over the 13-year period, and is significantly higher in the HD quintile than all other density quintiles. All of these indicators Notes: Population density quintiles are defined by ranking all households in the surveys by village-level population density and dividing them into five equal groups point to land being an increasingly constraining factor of production in smallholder agriculture in the high-density areas in Kenya. Land constraints may also explain why the HD areas tend to be devoting a greater share of their cropped area to highervalued crops and less to maize, a relatively low-value crop (data not shown to conserve space). Villages in the HD quintile put less than 3% of their land to monocropped maize, compared to 6% in the lowest density quintile. Maize intercrops account for 39% of cropped areas in the highest density areas compared to 42% in the lowest density areas. However, this difference is not statistically significant. By contrast, the HD areas devote a significantly greater share of their land to industrial cash crops such as tea, coffee, and sugarcane compared to the bottom two density quintiles. Similarly, fresh fruits and vegetables account for 26% of cropped area in the HD areas, compared to 13% in the 20% LD villages. Also, the percentage of households practicing zero-grazing increases with population density from a low of 4% in the first population density quintile, reaching a high of 56% in the 4th quintile and declining to 31% in the HD quintile. Similarly, Table 3 shows that the intensity of purchased inputs (mainly fertilizer, improved seed, and hired labor) per unit of land is an increasing function of population density up to the 4th density quintile, but then declines significantly from the fourth to the highest density quintile. The greater focus on high-value crops and more intensive land-saving dairy production in the densely populated regions maximizes revenue per scarce unit of land owned. This is a result that will be explored further in the econometrics section of the paper.
Land values, collected in 2010 were more than twice as high in the three highest population density quintiles than in the LD quintile. Conversely, agricultural wage rates in the LD villages were 30% higher than in the HD villages (Table 3) . The overall picture from Table 3 is that farming practices in the areas of high population density are distinctly more landintensive and are focused more on higher-value crops than in the low density areas.
Not shown in Table 3 , but also of importance is how population density is related to the amount of land inherited from the previous generation. Respondents in the 2007 survey were asked how much land was owned by the father of the household head. The previous generation had considerably larger farms (3 times larger) than those of the current survey respondents themselves. The mean size of parents' farms varied from 7.80 ha in the LD areas to 4.41 ha in the HD areas. Survey respondents were also asked about the amount of land inherited by the household head from his father. This ranged from 1.49 ha in the LD quintile to 0.89 ha in the HD quintile. The mean amount of land inherited was roughly onefifth of the total landholding size of the father. This might be explained by the fact that fathers in patriarchal Kenya tend to subdivide their land among sons. An important policy question might be how the current generation of adults in the high population density areas with 1.30 ha of land or less are going to subdivide their land among their children when they reach their old age (the average age of household heads was 48 years in 2010) and whether farming can provide a viable livelihood for those remaining on the land. We speculate that, because farm sizes in the high density areas are already quite tiny and cannot be meaningfully subdivided much further, an increasingly smaller fraction of people born on farms in Kenya will be able to remain there. This may point to even higher rates of rural-to-urban migration in the future, or at least from agriculture to non-agriculture. Table 4 presents trends in farm production, income, and asset wealth over the panel period by village population density quintiles. The value of net crop income (gross crop income minus input costs per hectare), a measure of partial land productivity, increases with population density up to the fourth density quintile and declines thereafter. As shown by results in Table 3 , high population density areas are cultivating their scarce land more intensively by applying more labor and cash inputs per hectare cultivated, at least up to a certain threshold corresponding to the fourth highest population density quintile, which ranged from 531 to 678 persons per km 2 . Similarly, the value of net farm income (from crops and animal products) per hectare also is an increasing function of population density up to a certain level corresponding to the fourth-highest quintile. By contrast, the value of farm income per family labor unit appears to be higher among the villages in the middle population density quintiles. This measure of partial labor productivity is perhaps the more meaningful of the two productivity measures because it more accurately reflects the implicit return to an individual. Table 4 also shows that off-farm income per adult equivalent is slightly higher for households in the low density areas, possibly reflecting a lower supply of labor in these areas (note also from Table 3 that agricultural wage rates were also higher in the low density areas than in high density areas).
Possibly the most important indicator discussed in this section is the value of asset wealth per adult equivalent. The list of productive assets consistently collected and valued in each of the four surveys includes ploughs, tractors and draft animal equipment, carts, trailers, cars, trucks, spray pumps, irrigation equipment, water tanks, stores, wheelbarrows, combine harvesters, cows, bulls, donkeys, and smaller animals. Recent studies in the poverty literature (e.g., Carter and Barrett 2006; Krishna et al. 2004) argue that the value of assets more accurately measures wealth than income or consumption, as it is less susceptible to random shocks, and is likely to be a more stable indicator of household welfare. This is especially true in regions where rain-fed agriculture is a major source of annual income and where households rely greatly on their physical assets for their livelihoods. For these reasons, we consider asset holdings to be an important measure of household livelihood, productive potential, and safety net. Table 4 shows that households' asset wealth per adult equivalent has been consistently higher (more than twice) in households located in the low population density areas. Family size in adults and adult equivalents is almost the same across all five population density quintiles, meaning that asset wealth per household is also substantially higher on average in the low density areas. Conversely, aggregate household income tends to rise with population density, once again up to the fourth quintile, and thereafter starts to decline.
The bivariate relationships presented in Tables 3 and 4 , while providing a fairly consistent picture, do not control for the effects of other variables affecting farm productivity, 
Econometric results
This section reports the main results from the econometric regressions of the impact of increasing population density on some selected indicators of farm productivity and welfare. We first discuss the estimates from the first-stage model of population density determinants, followed by the second-stage control function results. Table 5 presents the first-stage results of the drivers of population density growth. The variable capturing potential soil quality is measured at three different levels, namely, the potential kilocalories obtainable from the 10 km 2 location based on (i) existing cultivated land; (ii) existing cultivated land plus grasslands; and (iii) cultivated, grassland, and forest lands. The first and second indicators might reflect food production potential in the short-and medium-run, while the third indicator would reflect longer-term potential, and would obviously present major environmental tradeoffs. Generally the results shown in Table 5 indicate that the major determinants of population density in 2009 include distances to infrastructural facilities, the population of the location in prior decades, and area sizes; village-level rainfall quantities, rainfall variability and soil quality; as well as the agro-ecological zones where these villages are located. For example, if households in Location A are 1 km closer to motorable roads, water sources, and healthcare facilities than households in Location B, the population density in Location A is estimated to be 0.32, 0.57 and 0.17% higher than in Location B. If Location A's long-run average annual rainfall is 100 mm higher than Location B, the population density of Location A is estimated to be 10% higher than Location B. Increased rainfall variability is associated with lower population density. As expected, land quality as represented by the potential kilocalories obtainable from each 10 km 2 pixel of cultivated land increases population density by 7.2%. Next we present the second-stage control function regression results of the impact of increasing population density on selected agricultural production and household welfare outcomes. Because of space limitations, we focus on only a few outcome variables of interest. By including the agroecological zones among the other controls, the results presented in this section have a "within zone" interpretation. This means that the relationship between village population density and outcome variables hold constant the variation in the outcome variables that might occur due to differences in agro-ecological potential. The same holds true for unobserved time effects through the inclusion of survey year dummy variables. Since the third land quality variable was not statistically significant in the first stage, we present the results using the first two land potential variables only.
Landholding size and cropped area Tables 6 and 7 regression results indicate that landholding sizes and area in hectares cultivated per adult equivalent in the main season decline with population density. Controlling for all other variables shown on Table 6 , an increase in population density by 100 persons per km 2 is associated with 9% smaller farm sizes. A similar increase in population density reduces area cropped per adult equivalent by about 8%. These relationships are highly statistically significant. A more complete presentation of these relationships is revealed when we look at the postestimation simulations of the relationships between these outcome variables and population density, holding all other factors constant. Figure 4 (a) and (b) show that landholding Input use intensity Table 8 presents results on the cost of purchased inputs per hectare (fertilizers, seeds, hired labor, and land preparation costs), which is an indication of land intensification. The results show that the intensity of purchased inputs per hectare is a non-linear concave function of population density. Input intensity rises with population density to around 650 persons per km2; beyond this population density threshold, input intensification declines. Further, the intensity of purchased input use rises as land rental rates rise, and declines with increased distances to motorable roads, signalling increased input costs. The intensity of purchased input use also declines as we move from the relatively high-rainfall Central Highlands region (base region) to the more semi-arid lowlands. Figure 4 (c) and (d) show the simulated relationship between input use intensity on the y-axis and population density on the x-axis, controlling for all the other variables. The results show that both fertilizer use and the use of all purchased inputs per hectare is an increasing function of the population density up to roughly 660 persons per km 2 , and then declines beyond that. Slightly less than 20% of the farm households in the sample are currently beyond this threshold (Fig. 4c) . As shown in Fig. 4d , the general input use intensity starts to decline somewhere after 475 persons per km 2 ; about 35% of the households in the sample live in villages beyond this population density threshold. What would explain these threshold effects? Market participation studies consistently show that farm sales are related to farm size (Barrett 2008) . If farm sizes decline beyond a given point due to sub-division and land fragmentation caused by population pressures, households are less likely to generate the cash from crop sales that would allow them to purchase modern productivity-enhancing inputs. Less intensive input use then reinforces small farms' difficulties in producing a surplus. Furthermore, access to farm credit also tends to be restricted for farmers with limited land and other assets that could otherwise act as collateral. For these reasons, we feel that population density threshold effects are very plausible and may explain why a number of important farm productivity indicators tend to decline beyond a certain level of population density.
Household farm income
Tables 9 and 10 present the regression on net farm incomes per hectare and per adult equivalent, respectively. The CRE model estimates show that net farm incomes per hectare increase with population density up to about 680 persons per km 2 , but fall off slightly thereafter. Net farm incomes per adult equivalent, by contrast, shows a more sharp decline at a lower population density threshold of about 550 persons per km 2 , Notes: All the time varying variables are lagged one survey period; S.E bootstrapped standard errors; p-score is the measure of statistical significance following a pattern very similar to input use intensification. All of these relationships are highly statistically significant. The subsequent post estimation simulation results are presented in Fig. 4 (e) and (f). The results also show that lower distances to motorable roads are associated with higher farm incomes. Higher farm wage rates, land rental rates, and fertilizer prices are all significantly associated with lower farm incomes per adult equivalent (Table 10) ; only the first two input prices are significantly associated with farm incomes per hectare. As expected, increased rainfall level (variability) is found to be associated with higher (lower) farm incomes.
These results apply to both crop and animal operations; results are similar when the dependent variable is net crop income or net animal income. Intensive animal operations such as zero grazing dairy is significantly more commonly practiced in the high density areas, producing higher levels of animal income per land unit. However, this is only possible up to a certain population density level, beyond which, the land sizes become too small for economical operations. This evidence of a decline in partial land productivity at high levels of rural population density is alarming, as it implies that land productivity growth cannot be sustained simply by using other inputs more intensively per unit of land. Animal income and Notes: All the time varying variables are lagged one survey period; S.E bootstrapped standard errors; p-score is the measure of statistical significance milk production also show a similar plateau and drop off at 650 persons per km 2 . As Kenya's rural population continues to grow, 7 a greater proportion of the country's rural areas will soon reach this apparent land productivity plateau. Currently, most of the districts with mean population density greater than 650 persons per km 2 are in Nyanza and Western Provinces, with most in Central Province approaching this threshold.
8 In 2009, the 16 districts with greater than 650 persons per km 2 accounted for 14.2% of Kenya's rural population and 1.3% of its rural land. 7 Fortunately, Kenya's rural population growth rate has been declining from its peak at 3.4% in 1984 to 2.3% in 2008 according to the 2009 official census. 8 These districts include Emuhaya, Hamisi, Vihiga, Kisii Central, Gucha, Manga, Nyamira, Githunguri (in Central Province), Gucha South, Masaba, Kakamega South, and Kisii South. Median farm size in these districts covered in the Tegemeo sample (Vihiga, Kisii, and Kakamega) is 0.94 ha per farm. Household asset wealth and incomes Lastly, we discuss the relationships between population density and household asset wealth (Table 11 ) and total income per adult equivalent (Table 12) . The results show an unambiguously and statistically significant negative relationship between household assets and population density (Table 11) . Holding constant differences in asset wealth due to differences in infrastructural conditions, input prices, rainfall quantity and variability, soil quality, agroecological potential and survey years, we find that an increase of 100 persons per km 2 is associated with a 7% decline in asset wealth per adult equivalent. This relationship is shown graphically in Fig. 4(g) .
By contrast, total household incomes tend to rise with population density up to a now familiar threshold and thereafter decline (Table 12 ). The post estimation simulations show a clearer picture of these relationships. Total household incomes per adult equivalent rise with population density up to roughly 550 persons per km 2 and decline thereafter, as shown in Fig. 4(h) . Higher population density is associated with smaller farm sizes, other factors constant. Small farm sizes may be associated with diseconomies of scale in input acquisition. Other factors constant, smaller farm sizes reduce the potential to produce surpluses, which may in turn cause capital constraints that impede the demand for purchased inputs and new technologies. These processes may explain why our results indicate adverse effects of population density, Notes: All the time varying variables are lagged one survey period; S.E bootstrapped standard errors; p-score is the measure of statistical significance beyond some threshold, on indicators of farm intensification, farm income per unit of labor, and wealth.
Conclusions and implications for institutional reform
This study is motivated by the need to understand the nature and magnitude of emerging land constraints in African agriculture, the possible impacts of status-quo policies and institutions on food security and poverty, and the potential for institutional reforms to address these challenges. These three main issues are addressed based on the case of Kenya. First, we explore the nature and magnitude of emerging land constraints for smallholder farmers with increasing population density. Evidence indicates that smallholder landholding sizes are gradually declining in Kenya as in much of sub-Saharan Africa. Two main reasons are advanced. First, arable land in some regions remains underutilized because it has yet to receive the requisite public investment in physical infrastructure to raise its economic value and attract migration into the areas. For example, the lower-elevation areas of Eastern Province could benefit greatly from harnessing the irrigation potential from the various rivers flowing from the Central Highlands. Other public investments (e.g., roads, electrification, schools, health facilities) and services could raise the economic value of Notes: All the time varying variables are lagged one survey period; S.E bootstrapped standard errors; p-score is the measure of statistical significance surrounding farmland and thereby attract migration and settlement in these areas (Jayne et al. 2009 ). Second, and of major importance in Kenya, has been the post-independence continuation of colonial tenure systems vesting unutilized lands (which may nevertheless have customary authority claimants) in the hands of the state. Much of Kenya's arable land has been and continues to be allocated by the state to local elites and foreign investors. Meanwhile, some smallholder farming areas are facing emerging land constraints borne of steady rural population growth since independence. An important literature in Kenya has documented the rapacious disempowerment of local communities to access land, first by the colonialists and later by the successive postcolonial governments (Juma 1996; Kanyinga 1998; OkothOgendo 1976 and . The colonization of Kenya and its enduring impacts on current landholding arrangements are well documented. The several post-independence Kenyan governments have largely retained the same institutions despite recognizing the importance of land rights and even elevating it to a crucial post-independence challenge (Republic of Kenya 1965) . Inequalities in land ownership have persisted in spite of the existence of large tracts of underutilized land, even in high potential agricultural areas. While the modes of land access were primarily through inheritance and the market, access to public land has been a major instrument of patronage favoring the political elite. (Namwaya 2004) . 9 For these reasons, it is perhaps not surprising that median farm sizes are quite small and declining for a large proportion of the smallholder population, while large tracts of land in other parts of the country continue to be allocated by the state to local elites and foreign investors.
The second objective of the article was to examine the ways in which densely populated smallholder farming areas are evolving and to assess the implications for an inclusive smallholder-led development strategy. The evidence presented in sections "Descriptive results" and "Econometric results" paints a picture of rising strain on rural livelihoods in the densely populated rural areas due to land pressures and declining farm sizes. The value of farm income per unit labor tends to rise with population density up to about 600 persons per km 2 ; beyond this threshold, household assets, incomes, and farm productivity decline sharply. The use of purchased inputs per land unit, a measure of land intensification, is also found to decline beyond roughly 600 persons per km 2 . Currently 14% of Kenya's rural population resides in areas exceeding this population density. Another 20% of the rural population residing in the 3rd population density quintile is approaching this limit.
Higher population density is also found to be associated with smaller farm sizes and decreased fallow land, other factors constant. Small farm sizes may be associated with diseconomies of scale in input acquisition. Smaller farm sizes also lower levels of surplus farm production, which in turn is likely to exacerbate households' capital constraints and depress their demand for purchased inputs and new technologies. These processes may explain why our results indicate adverse effects of population density, beyond some threshold, on indicators of farm intensification, farm income per unit of labor, and household wealth per adult equivalent.
Declining labor productivity in an environment of high labor-to-land ratios also provides incentives for labor migration to off-farm activities. This is consistent with our earlier descriptive findings of higher rates of adults leaving the panel households over the 1997-2010 period in the villages of high population density areas compared those of low population density.
Average landholding sizes of the survey respondents' parents were found to be three to four times larger than for the survey respondents themselves. Now that farm sizes are below 1.2 ha on average in Kenya's high density rural areas, it is difficult to envision how the current generation of farm households will be able to further subdivide their land among their children or how they will be able to farm a sufficient amount of land to sustain even current levels of farm income without major improvements in farm technologies and productivity.
These findings brings to the fore one of the first implications for public institutions, i.e., the need for redoubled public investment in the national agricultural research and extension systems to focus on new farm technologies and practices appropriate for one-hectare farms or smaller. These technologies need to be land-saving. While improved land productivity can improve small farm livelihoods and food security in densely populated areas, this alone is unlikely to be a panacea for addressing Kenya's emerging land and rural livelihoods problems.
This brings us to the study's third and final objective, exploring the implications of Kenya's land problem for institutions and policies in Kenya. Since independence, successive Kenyan governments have acknowledged the semi-landless conditions of many rural households in Kenya but so far the rhetoric has mainly been to condemn the historical wrongs of the colonial era while redistributing former colonial farms and state lands to political elites (Okoth-Ogendo 1976 Kanyinga 1998; Juma 1996; Platteau 2004 ). This has led commentators such as John Mbaria to warn that "we have adopted an attitude of burying our heads in the sand and may not do anything until the looming land crisis degenerates into Zimbabwe-like chaos" (Mbaria 2001) . The National Land Policy Formulation paper of 2004 admits that Kenya does not have a clearly defined land policy and as a result, "important issues such as land administration, access to land, land use planning, restitution of historical injustices, environmental concerns, plot allocations … are inadequately addressed." In the interim, rural Kenyans live with massive loss of public lands through irregular but often technically legal disposal by the Government, including quite recently to foreign investors (Republic of Kenya 2004) .
Assessing land policy across the continent, Wily (2011) concludes that "land reformism in Africa since the 1990s has simply failed to give precedence to majority customary land rights over and above state and investor claims for these same lands. In light of this, it is difficult to see the current wave of large-scale land acquisitions by local and foreign investors as other than a reflection of already weak political will to fully reform land tenure relations in favor of the majority poor…. therefore the current land rush for large-scale lands for commercial food and biofuel production is not the cause of this insecurity: rather, it brings existing insecurity of tenure to the fore" (p. 59).
The new Kenyan Constitution promulgated in August 2010 through Article 67 establishes a National Land Commission (NLC) that will, among other things, conduct investigations into "historical land injustices" and recommend appropriate redress (Republic of Kenya 2010) . Article 68 requires Parliament to enact a law that will "enable the review of all grants or dispositions of public land to establish their propriety or legality". The new constitution also confers on Parliament the responsibility to prescribe the minimum and maximum land holding acreages in respect of private land and to regulate the manner in which any land may be converted from one category to another. However, with declining farm sizes and fragmentations occurring along with some technical innovation, the question of defining what constitutes a viable farm unit remains an elusive task.
Given the existing distribution of landholdings within Kenya's small farm sector, strategies to improve rural households' access to land will need to be not only on the country's land agenda, but also its food security and poverty reduction agendas. As the land frontier closes in many parts of Kenya and population continues to rise, smallholder farming areas will be producing fewer food surpluses in the future unless there is major productivity growth through technical innovation. Many of these areas will become food deficit more quickly after harvest and resemble urban areas in that they will be a source of food demand rather than food supply. Being a food importer, Kenya's food prices approximate import parity levels and make both the urban and rural poor vulnerable to the vagaries of international food markets unless the government embarks on the expensive option of attempting to shield consumers from world markets. In this evolving scenario, the most fundamental food security policy questions involve how to enable smallholder farmers to gain access to productive resources and how to improve the productivity of their scarce resources so that they are capable of producing a meaningful farm surplus in the first place.
There is also some scope for promoting equitable access to land through a coordinated strategy of public goods and services investments to raise the economic value of arable land in the country that is relatively remote and still unutilized. This would involve investments in road infrastructure, schools, health care facilities, electrification and water supply, and other public goods required to induce migration, settlement, and investment in these currently under-utilized areas. Through migration, such investments would also help to reduce population pressures in the densely populated areas, many of which are being degraded due to declining fallows associated with population pressure. The approach of raising the economic value of land through public investments in physical infrastructure and service provision was successfully pursued by Southern Rhodesia/Zimbabwe starting in the 1970s with its "growth point" strategy in the Gokwe area, once cleared of tse tse flies. Key public investments in this once desolate but agro-ecologically productive area induced rapid migration into Gokwe from heavily populated rural areas, leading to the "white gold rush" of smallholder cotton production in the 1980s (Govereh 1999) . A second and complementary approach would be to institute more transparent and orderly procedures for the allocation of state land (Munshifwa 2002; Stambuli 2002 ).
Kenya's new National Land Commission will not be the country's first attempt to address the country's growing land problem. There are signs that the severity of the land problem is widely recognized. But a strong case could be made that unless the current attempts at land policy reform can succeed in providing substantially greater access to land for smallscale agriculture-led development, the prospects for structural transformation, rural poverty reduction, and even political stability will be in jeopardy.
